Abstract: A one-step dual flow immunochromatographic assay (DICGA), based on a competitive format, was developed for simultaneous quantification of ochratoxin A (OTA) and zearalenone (ZEN) in corn, wheat, and feed samples. The limit of detection for OTA was 0.32 ng/ml with a detection range of 0.53-12.16 ng/ml, while for ZEN it was 0.58 ng/ml with a detection range of 1.06-39.72 ng/ml. The recovery rates in corn, wheat, and feed samples ranged from 77.3% to 106.3% with the coefficient of variation lower than 15%. Naturally contaminated corn, wheat, and feed samples were analyzed using both DICGA and liquid chromatography-tandem mass spectrometry (LC-MS/MS) and the correlation between the two methods was evaluated using a regression analysis. The DICGA method shows great potential for simple, rapid, sensitive, and cost-effective quantitative detection of OTA and ZEN in food safety control.
Introduction
Mycotoxins are toxic secondary metabolites produced by fungi of various genera such as Aspergillus, Fusarium, and Penicillium (Liu DW et al., 2016) . Ochratoxin A (OTA) and zearalenone (ZEN) are often found in corn, wheat, and cereal products (Alshannaq and Yu, 2017; Lee and Ryu, 2017) . ZEN, an estrogenic and carcinogenic mycotoxin produced by some Fusarium species (Pierron et al., 2016; Yang et al., 2017) , can cause severe damage to the reproductive system of humans and animals (Long et al., 2016) . OTA, produced by fungi of the Aspergillus and Penicillium families, is one of the most abundant and toxic members of ochratoxins (Torović, 2018) . It has nephrotoxic, hepatotoxic, teratogenic, and immunotoxic properties. Previous studies suggest that ZEN, OTA, and other mycotoxins may coexist in a single product and hence could synergize the toxicity (Yan et al., 2015; Cheat et al., 2016) . To guarantee food safety, the European Union has established the provisional maximum tolerable levels of 5 and 100 μg/kg in unprocessed cereals for OTA and ZEN, respectively (Yang et al., 2012; Majdinasab et al., 2015) .
Chromatographic methods, such as thin-layer chromatography (de Lima Rocha et al., 2017) , liquid chromatography-tandem mass spectrometry (LC-MS/ MS) (Bernhardt et al., 2016; Sun et al., 2017) and high-performance liquid chromatography (HPLC) (Asghar et al., 2016) , are often used for detection of multiple mycotoxins in food or feed samples. Although these technologies produce sensitive and reliable results, the complex preparatory steps, expensive equipment, or time-consuming procedures make such assays unsuitable for on-site detection. High throughput immunoassays such as microarray-based methods (Schmidt-Heydt and Geisen, 2007) , multiplex flow cytometric immunoassay (Bienenmann-Ploum et al., 2013) , and antibody immunochip have proven to be excellent methods for multi-component analysis (Wang et al., 2012) . However, the need for special instruments and skilled technicians restricts the extensive use of these methods.
Occurrence of multiple mycotoxins in food and feed has encouraged the need for rapid and costeffective methods for simultaneous detection. In recent years, studies have focused on gold nanoparticles (GNPs)-based immunochromatographic assay (ICGA) for mycotoxin detection Sun et al., 2017; Urusov et al., 2017) . ICGA is a rapid method that can be used onsite at low cost for determination of mycotoxins because GNPs are visible, and the results can be observed with the naked eye or with a portable densitometric analyzer.
We developed a dual immunochromatographic assay (DICGA) for rapid quantitative detection of OTA and ZEN in agro-products. The composition and schematic diagram of the DICGA are shown in Fig. 1 . The nitrocellulose (NC) membrane of the DICGA strips was coated with OTA-ovalbumin (OVA), ZENbovine serum albumin (BSA), and goat anti-mouse IgG as the OTA test line, ZEN test line, and control line, respectively. Monoclonal antibodies against OTA or ZEN were labeled with colloidal GNPs, and the conjugates were sprayed onto the conjugate pad. Quantization was obtained by interpolating into a calibration curve, the densitometric read-outs being obtained by a portable test strip reader. Parallel analysis of corn, wheat, and feed samples showed a good correlation between this DICGA and LC-MS/MS. 
Materials and methods

Materials
OTA, ZEN, BSA, OVA, tetrachloroauric (III) acid, N,N'-dicyclohexylcarbodiimide (DCC), carboxymethoxylamine hemihydrochloride (CMO), and N-hydroxy-succinimide (NHS) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Monoclonal antibodies against OTA and ZEN were prepared in our lab. Different types of NC membranes (Millipore 180, PALL VividTM170, Sartorius UniSart CN140, YN120B, YNHS120B, and YNHS140B), glass fiber, polyester film, and absorbent pads were purchased from Aowei Biotech (Hangzhou, China). Goat anti-mouse IgG antibody (used in DICGA) was purchased from Jiening Biotech (Shanghai, China). Other reagents of analytical grade were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). OTA-free and ZEN-free samples (as confirmed by LC-MS/MS) as well as naturally contaminated corn, wheat, and feed samples were provided by the Zhejiang Entry Exit Inspection and Quarantine Bureau.
Equipment
The following equipment was used: Spectra Max M2 micro-plate reader (Molecular Devices, Sunnyvale, CA, USA), NanoDrop 1000 ultraviolet spectrophotometer (Thermo Scientific, Waltham, MA, USA), XYZ3060 Dispensing Platform, LM4000 Batch Laminator and CM4000 Guillotine Cutter (BioDot, Irvine, USA), Milli-Q ultrapure water purification system (Millipore, MA, USA), and portable test strip reader (Aowei, Zhejiang, China).
Synthesis of OTA and ZEN conjugates
Conjugates of OTA (OTA-BSA and OTA-OVA) were made as suggested in previous studies (Kawamura et al., 1989; Zhang et al., 2015a) . OTA was dissolved in anhydrous tetrahydrofuran, and then NHS and DCC were added followed by gentle shaking at room temperature (RT). The reaction mixture was centrifuged, and the supernatant was dried and then dissolved in dimethyl sulfoxide (DMSO). BSA was dissolved in 0.13 mol/L phosphate-buffered saline (PBS; pH 8.0). Activated OTA was added dropwise to the BSA solution. The reaction was allowed to proceed by vigorous shaking at RT and then dialyzed extensively against 0.01 mol/L PBS (pH 7.4). The OTA-OVA conjugate was also prepared in a similar manner.
ZEN conjugates (ZEN-BSA and ZEN-OVA) were prepared as recommended (Gendloff et al., 1986; Zhang et al., 2015b) . Zearalenone-6'-carboxymethyloxime (ZEN-O) was synthesized by ZEN and CMO. The reaction mixture was vacuum-dried and dissolved in distilled water (pH 8.0). After three partitions with benzene, free ZEN was removed. The reaction mixture in the aqueous phase was then precipitated by addition of HCl (pH 3.0) and extracted four times with ethyl acetate. The extract was vacuumdried. The residue was dissolved in anhydrous tetrahydrofuran and added to DCC and NHS. After shaking gently at RT, sodium bicarbonate buffer containing BSA was added gently and stirred for 30 min. Finally, the solution was centrifuged to discard the precipitates and the supernatant was dialyzed against 0.01 mol/L PBS (pH 7.4). The same method was used to prepare ZEN-OVA conjugate.
Enzyme-linked immunosorbent assay (ELISA) was used to confirm the conjugates by the standard procedure (Liu R et al., 2016; Song et al., 2017) . OTA-BSA (OTA-OVA) or ZEN-BSA (ZEN-OVA) was immobilized on polystyrene 96-well plates and then the coated antigens were probed with their specific monoclonal antibody, followed by the addition of goat anti-rabbit IgG-horseradish peroxidase (HRP) to each well. Color development was achieved by the addition of the substrate 3,3',5,5'-tetramethylbenzidine (TMB). Stop solution (2 mol/L H 2 SO 4 ) was added and the absorbance was read at 450 nm. BSA and OVA were also immobilized as a negative control.
Preparation of gold nanoparticles
Colloidal GNPs were prepared by the sodium citrate method as described previously (Frens, 1973; Liu et al., 2017) with slight modifications. Tetrachloroauric (III) acid (100 ml, 0.1 g/L) was heated with stirring until boiling. Then, 1.000, 0.750, and 0.375 ml of 0.02 g/ml sodium citrate solutions were added quickly to prepare GNPs with different diameters. The mixture was heated for 5 min and cooled to RT. Prepared GNPs were characterized by naked eyes and transmission electron microscopy (TEM).
Preparation of gold nanoparticle-labeled monoclonal antibodies
GNP-labeled monoclonal antibodies (GNP-mAbs) were prepared and the pH of the GNP solutions and monoclonal antibody concentrations were adjusted individually (Wu et al., 2010; Wang et al., 2013b) . A total of 2 ml of 10 mmol/L borate buffer (BB, pH 7.4) containing mAb-OTA (9.6 μg/ml) or mAb-ZEN (4.2 μg/ml) was added dropwise to the GNP solution (at optimum pH 8.0 for mAb-OTA labeling and pH 7.2 for mAb-ZEN labeling) under gentle stirring. The mixture was stirred for 45 min at RT. Then, 2 ml of 0.1 g/ml BSA was added and stirred for another 45 min. The product was centrifuged at 1500g for 15 min. The supernatant was collected and centrifuged at 12 000g for 30 min. The resulting pellet (GNP-labeled mAb-OTA or GNP-labeled mAb-ZEN) was washed three times and resuspended in 2 ml of 2 mmol/L BB (pH 7.4) containing 0.01 g/ml BSA, 0.06 g/ml sucrose, 0.2% poly(ethylene glycol) 2000 (PEG 20000) and 0.5 g/L sodium azide.
Preparation of DICGA strips for simultaneous detection of OTA and ZEN
The goat anti-mouse IgG antibody and two conjugated antigens were sprayed onto the NC membrane using the BioDot XYZ3060 Platform. The antigen conjugates were sprayed as test lines and the goat anti-mouse antibody as control line (Fig. 1) . The distance between the lines was 4 mm. The NC membranes were dried at 37 °C for 1 h and stored in a desiccator to prevent dampening. The glass fiber, including the conjugate and sample pads, was pretreated with blocking buffer and stored at 4 °C after freeze-dehydration. The two diluted GNP-mAbs were mixed, applied to the treated conjugate pad at a proper spray rate, and dried with the vacuum freeze drier. To assemble the test strip, the NC membrane, conjugate pad, sample pad, and absorbent pad were laminated and pasted onto the polyvinyl chloride (PVC) baseplate. The assembled backing was divided into strips and installed in the dipstick shell.
Optimization of the DICGA test
Analytical performance of the DICGA strips is affected by various parameters, such as the diameters of the GNPs, types of materials (including NC membrane, conjugate pad, and sample pad), kinds of buffers, and concentrations of immunoreagents (Li et al., 2013) .
Monoclonal antibodies were labeled with GNPs of different diameters. The stability and detection sensitivity of these GNP-labeled antibodies were evaluated. Six types of NC membrane, three types of conjugated pad (SB06, SB08, and 6613), and two types of sample pad (SB06 and SB08) were also tested.
Blocking buffers for the conjugate and sample pads were evaluated to assess their effects on monoclonal antibodies (mAb-OTA and mAb-ZEN) and analytes (OTA and ZEN). The buffers for antigen or antibody coating and sample pad pretreatment as well as for dilution and storage of GNP-labeled antibodies were optimized. Types of components and their concentrations in the buffers were adjusted by assessing the stability of GNP-labeled antibodies and detecting the effect. Dilution ratios (1:3, 1:5, 1:7, and 1:9) of the sample extracts were also investigated to decrease matrix interference.
Concentrations of the immunoreagents were optimized with ELISA using the checkerboard design. The following considerations were taken into account: time period (<20 min), complete release of the GNPlabeled antibodies from the conjugate pad to minimize the background color (clarity of the lines), high sensitivity, and minimum consumption of immunoreagents.
Sample preparation
The OTA-and ZEN-free samples (of corn, wheat, and feed) were ground and dried by overnight incubation in a 60 °C incubator. The sample was then spiked by dropwise addition of OTA and ZEN standard solutions, mixed thoroughly, and allowed to stand at RT overnight. The concentrations used for spiking the samples were 20, 40, 80 μg/kg for OTA and 50, 100, 200 μg/kg for ZEN.
For DICGA testing, the spiked sample (5.0 g each) was extracted with 25 ml methanol/water (7:3, v/v) at RT. The sample was vortexed for 10 min and centrifuged at 2500g for 5 min. The mixture was filtered through glass-fiber filter paper and the filtrate diluted with 50 mmol/L PBS (pH 7.4) containing 0.05% Tween 20 (PBST).
Test procedure, calibration curves, and limit of detection
A series of OTA or ZEN standard solutions were prepared in PBS (50 mmol/L). The standard solutions (50 μl each) were added to the sample pads. The densitometric read-out was obtained by the portable reader device after reaction (15 min). Concentrations of OTA or ZEN in the samples were interpolated from the calibration curves (intensity of test lines versus log concentrations of OTA or ZEN in the standard solutions), which were run simultaneously in triplicate. The spiked samples were tested three times in one day and repeated three times on different days. The food and feed samples were simultaneously analyzed by DICGA and LC-MS/MS as described below. Correlation between the results of DICGA and LC-MS/MS was examined using linear regression (Microsoft Excel 2016).
LC-MS/MS analysis
The samples were ground and dried overnight in a 60 °C incubator before extraction. Each sample (10 g) was extracted with a solvent mixture (40 ml, acetonitrile/water/acetic acid, 79:20:1, v/v/v) by shaking on a horizontal shaker for 60 min at RT. The extract was left standing for 10 min and centrifuged at 2500g for 20 min. The supernatant was then mixed with an equal volume of a solvent mixture (acetonitrile/ water/acetic acid, 20:79:1, v/v/v), and passed through a 0.22-μm filter before being injected into the columns of the LC-MS/MS instrument. Quantitative LC-MS/MS results were analyzed using Analyst software (AB SCIEX, Framingham, MA, USA).
Results
Identification of the conjugates and gold nanoparticles
OTA and ZEN conjugates (OTA-BSA, OTA-OVA, ZEN-BSA, and ZEN-OVA) were evaluated using the monoclonal antibodies 2D8 and 2C9 by indirect ELISA (Fig. 2) . High ratios of the absorbance values of all the conjugates to negative control (>20) at the optical density at 450 nm (OD 450 ) indicated that the conjugates could be detected by their specific monoclonal antibody while the control remained at basal absorbance level. These results suggested successful antigen conjugation. GNPs with different diameters (15, 20, and 40 nm) were prepared. The GNP solution was transparent and homogenous as shown in Fig. 3. 
Optimization of the DICGA
Monoclonal antibodies labeled with 40 nm-GNPs were almost as sensitive as 20 nm-GNPs (detection limits of OTA and ZEN were 0.32 and 0.58 ng/ml, respectively), and more sensitive than the 15 nm-GNPs (detection limits of OTA and ZEN were 1.53 and 1.79 ng/ml, respectively). Moreover, 40 nm-GNPs labeled antibodies were more stable when stored at 4 °C (the 40 nm-GNPs-labeled antibodies were stable at one month while the 20 nm-GNPs were stable for two weeks only). Overall, 40 nm-GNPs had the best performance in terms of detection limits and stability.
Different materials can affect the sensitivity, test time, and stability of the strips. The NC membrane Sartorius UniSart CN 140 produced the highest sensitivity in 15-20 min without any background color. The conjugate pad 6613 performed well in protecting and releasing the GNP-labeled antibodies. The sample pad SB08 is better in holding a larger volume of solution thus increasing color intensity of the test strip.
The sample and conjugate pads were made of glass fiber and pretreated with blocking buffer before applying the reagents. In this study, PBS (0.01 mol/L, pH 7.4) containing 0.02 g/ml OVA, 0.02 g/ml sucrose, and 0.2 g/L NaN 3 was chosen as the optimal blocking buffer for pretreatment of the sample and conjugate pads.
The intensity of test lines, stability, and release rate of the mixtures (GNP-antibodies and sample extract), all related to the sensitivity of the DICGA method, also could be markedly affected by the types of buffers and concentrations of their components. In this detection method, BB (50 mmol/L, pH 8.0) containing 0.05 g/ml trehalose, 0.01 g/ml OVA, and 0.2 g/L NaN 3 was used in storage, dilution, and conjugation of GNP-labeled antibodies.
Combinations of OTA-BSA/OTA-OVA and ZEN-BSA/ZEN-OVA were evaluated to increase the sensitivity for simultaneous detection of OTA and ZEN, respectively. We observed that OTA-OVA and ZEN-BSA had lower cut-off limits than OTA-BSA and ZEN-OVA under the same conditions. Concentrations of the immunoreagents (the coating antigens and GNP-labeled antibodies) were evaluated using checkerboard titration in ELISA. The results showed that the optimum ratio of the GNP-labeled mAb-OTA and GNPs-labeled mAb-ZEN was 1:4 (v/v) to generate similar intensity of the two test lines. Optimum concentrations of the coating antigen were 0.3 mg/ml for OTA-OVA and 0.1 mg/ml for ZEN-BSA. Optimal conditions of the test strips are shown in Table S1 and optimum concentrations of additives in the quantitative DICGA are shown in Table S2 .
Evaluation of the DICGA
Specificity
The specificity of the DICGA test strips is of great importance and was evaluated for simultaneous detection of multiple mycotoxins in mixtures. Crossreactivity was calculated as percent inhibition using the formula: half maximal inhibitory concentration (IC 50 ) of OTA (ZEN)/IC 50 of other mycotoxins× 100% (Zhang et al., 2015a) . Using the optimized DICGA method, the cross-reactivities with the OTA analogues (OTB and OTC) were 6.7% and 11.6%, respectively; with ZEN analogues (α-zearalanol, zearalanone, α-zearalenol, β-zearalenol, and β-zearalanol), they were 18.6%, 13.7%, 7.2%, 2.9%, and 1.3%, respectively (Table 1) .
Despite the high structural similarity between ZEN (OTA) and its analogues, the obtained degree of cross-reactivity (in this method) was relatively low and is acceptable as compared to other reports (Burkin et al., 2002; Burmistrova et al., 2009; Wang et al., 2013a; Sun et al., 2014; Zhang et al., 2018) . No cross-reactivity (<0.01%) was observed with other mycotoxins which usually occur together in cereal and feed samples, including fumonisin B 1 (FB 1 ), aflatoxin B 1 (AFB 1 ), and deoxynivalenol (DON). These were consistent with the results of our previous studies on the specificity of these two monoclonal antibodies (Zhang et al., 2015a (Zhang et al., , 2015b . Therefore, this new test strip has good specificity and could be applied for simultaneous detection of OTA and ZEN.
3.3.2 Calibration curves, sensitivity, and matrix interference of DICGA Fig. 4 shows the typical signals of different concentrations of OTA and ZEN standards which were captured by the strip reader. The digital results were used to determine the calibration curves of OTA and ZEN (Fig. 5) . A linear range of detection was calculated as the concentration of OTA or ZEN leading to 20%-80% inhibition (Wang et al., 2013a) . The limit of detection was defined as the unique .9813) and the detection range was 1.06-39.72 ng/ml with the detection limit of 0.58 ng/ml.
In this detection assay, methanol/water (7/3, v/v) was used as the extraction solution, and OTA and ZEN calibration curves were generated in different dilutions of extract solution prepared in PBS. Under the identical experimental conditions used in DICGA, we suggest that 1:7 dilution is enough to minimize the matrix effect because its inhibition curve closely matched the curve of the PBS control, indicating that the matrix effect was minimized (Fig. 6 ). This dilution was used for recovery test and sample detection.
Recovery study
Different concentrations of OTA-and ZEN-spiked corn, wheat, and feed samples were analyzed using the DICGA. The recovery rates using this DICGA ranged from 77.3% to 106.3% with a coefficient of variation lower than 15%, indicating that the method has good precision and reproducibility (Table 2 ).
Detection in food and feed samples
Of the 56 corn, wheat and feed samples tested by both DICGA and LC-MS/MS, 14 (5 for corn, 4 for wheat, and 5 for feed) tested positive for OTA and 16 (5 for corn, 5 for wheat, and 6 for feed) positive for ZEN (Table 3 ). The others were negative for both mycotoxins by both methods (data not shown). Regression analysis of the quantitative data of these positive samples indicated that the two methods were in good agreement (Fig. 7) . 
Discussion
A one-step DICGA, as developed in this study, offers simultaneous and sensitive detection of OTA and ZEN. Two antigens specific to individual mycotoxins are immobilized as test lines, thus enabling the detection of two types of mycotoxins on one single test strip within 20 min. Quantization of the assay is obtained by using a portable strip color intensity reader. The results of this study show that 40 nm colloidal GNPs are superior in terms of their stability, detection limits, and performance. This is consistent with previous reports (Molinelli et al., 2009; Shim et al., 2009b) . Buffer used in pretreatment is important in determining the stability and dissolution properties of the GNP-labeled antibodies. One of the compounds in the pretreatment buffer (blocking buffer) is protein.
Previous reports (Perry et al., 2003; Majdinasab et al., 2015) suggested that OTA can bind to serum proteins, especially serum albumin, with different affinities to albumins from different species. In this study, blocking buffer with BSA or OVA was evaluated to achieve the optimal performance. Our results showed that the OVA and BSA interacted differently with OTA. When BSA was used, the OTA test line showed a weak pink band even with high concentration of OTA, indicating that the strip exhibited low sensitivity. However, when OVA was used, the test line was clear and the test strip for detection of OTA showed high sensitivity. A blocking buffer containing either BSA or OVA had no effect on the performance of the test strip for ZEN. Earlier studies (Shim et al., 2009b; Wang et al., 2013b) reported the use of sucrose as a protectant to the GNP-labeled antibodies in solution. Therefore, different concentrations of OVA and sucrose in pretreatment buffer were also evaluated in this study. PBS (0.01 mol/L, pH 7.4) containing 0.02 g/ml OVA, 0.02 g/ml sucrose, and 0.2 g/L NaN 3 was chosen as the optimal blocking buffer for pretreatment of the sample and conjugate pads.
The sensitivity of the DICGA method also depends on various factors such as the intensity of test lines, stability, and release rate of the mixtures (GNP-antibodies and sample extract). To improve this sensitivity, we also evaluated the types of buffers and concentrations of their components. In earlier reports (Kolosova et al., 2007; Guo et al., 2009; Molinelli et al., 2009; Shim et al., 2009b; Byzova et al., 2010; Song et al., 2011) , the buffers used were mainly 10 to 50 mmol/L PBS or BB of pH 7.4 to 9.0. Trehalose and blocking protein are also usually included. Previously, it was indicated that the BB was more suitable than PBS (Wang et al., 2013b) . We used 50 mmol/L BB at pH 8.0 and containing 0.05 g/ml trehalose in our experiments.
Concentrations of the coating antigens (OTA-OVA and ZEN-BSA) and GNP-labeled antibodies were optimized to balance the appearance of the clear pink color and cut-off limits of the two test lines. Clarity of the lines, along with appearance of pink color on the test lines for negative samples, optimum cut-off limits and minimum use of immunoreagents were all taken into consideration. High background color may appear when the GNP-labeled antibodies are not released completely within 20 min from the conjugate pad.
The detection limit for OTA (ZEN) of this DICGA is lower than those of previously reported single ICGAs (Cho et al., 2005; Shim et al., 2009a; Anfossi et al., 2012; Luo et al., 2013; Sun et al., 2014; Ji et al., 2017) . Compared with multi-components ICGAs (Shim et al., 2009b; Huang et al., 2012; Li et al., 2013; Wang et al., 2013b; Sun et al., 2016) , detection ranges or sensitivities of this method are also superior. The comparative results are shown in Table S3 . Highly sensitive ICGAs for the detection of OTA have been established by other researchers (Majdinasab et al., 2015; Zhang et al., 2018) , but for the detection of co-existing mycotoxins in cereal and feedstuff samples, multiple quantitative test assays, such as the DICGA described herein, will be more efficient at satisfying the need of detection. As compared to quantitative ELISA, this assay is easy to operate and less expensive, and the results can be obtained in a short time (20 min).
In summary, this method possesses good accuracy and reproducibility, and has good agreement with LC-MS/MS. It is suitable for rapid detection of OTA and ZEN in corn, wheat, and feed samples. Further work is currently being undertaken to integrate more than two targets on a single strip. The results, if successful, will demonstrate a powerful tool for monitoring mycotoxins and other small molecules in food and the environment. This study serves as a reliable basis for devising test kits to detect other multiple mycotoxins as well as low-weight analytes in food or feed samples to protect human and animal health.
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